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Abstract

The rheology of fat crystal networks under linear shear deformations has been extensively studied due to its role in material
functionality and sensory perceptions. In contrast, there has been limited focus on their viscoelastic response under large shear
deformations imposed during processing and product use. We probed the nonlinear viscoelastic behavior of fats displaying
mechanics akin to ductile and brittle solids using large amplitude oscillatory shear (LAOS). Using the FT-Chebyshev stress
decomposition method, and local measures of nonlinear viscoelasticity, we obtained rheological properties relevant to bulk
behavior. We found that ductile fats dissipate more viscous energy than brittle fats and show increased plastic deformation.
Structural characterization revealed the presence of three hierarchy levels and layered microstructures in ductile fats in contrast to
only two hierarchies and random microstructures in brittle fats. We suggest that these structural features account for increased
hypothesize dissipation, which contributes to their ductile-like macroscopic behavior.
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Introduction

Fats such as shortening, butter, and margarine are an example
of polycrystalline pasty materials composed of an interacting
continuous network at particle concentrations above the critical
volume fraction (¢, ~ 0.05-0.10) and a liquid phase contained
within (Marangoni et al. 2012). The essential role of fats in
foods (e.g., lubrication, texture), and the consumer health-
driven trend towards low saturates and no-trans foods due to
the association of “bad fats” with cardiovascular diseases, has
led to increased interest in these systems (Uauy et al. 2009;
Vartiainen et al. 2010; Marangoni et al. 2012). From a mechan-
ical perspective, fats resemble flocculated colloidal gels with
the magnitude of the elastic modulus depending on the micro-
scopic crystal network and its structural heterogeneity (van den
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Tempel 1961; Narine and Marangoni 1999a). This structural
organization allows fats to sustain stress or deformation up to a
certain limit, beyond which they yield and irreversibly deform
displaying some intriguing nonlinear rheological phenomena.
Some of these rheological features include yielding, shear thin-
ning, intracycle strain stiffening, and thixotropy (Scott Blair
1954; Sone 1961; Haighton 1965; Thareja 2013; Macias-
Rodriguez and Marangoni 2016a).

The rheological properties of fats are a consequence of their
remarkably complex hierarchical organization, showcasing
structural building blocks spanning from the molecular to
the microworld, and their physical interactions (Narine and
Marangoni 1999b; Marangoni et al. 2012). Nanoplatelets
(the fundamental 'crystal unit') arise from the epitaxial stack-
ing of crystal lamellae which in turn are made up by TAG
molecules stacked longitudinally and side by side following
a specific subcell unit arrangement («, (', 3). Nanoplatelets
self-assemble into large fractal clusters or aggregates via
diffusion-limited cluster aggregation (DLCA) and reaction-
limited cluster aggregation (RLCA) to form a space-filling
microscopic gel-like network (Narine and Marangoni 1999a;
Peyronel et al. 2014a). The network is held together by van
der Waals forces or short-range attractive interactions and pre-
sents a variety of morphologies (e.g., spherulitic, needle-like,
grain-like) which offers equal variety in the mechanics of de-
formation (Heertje 1993).
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A number of studies have sought to establish rheology-
structure relationships in fat crystal networks. Major progress
has been made on understanding fat linear viscoelasticity, and
its role on macroscopic mechanical functionality. By function-
ality or performance, we refer to the range of textural visco-
elastic attributes that make fats suited for specific applications
(e.g., firmness, spreadability). Fat linear viscoelasticity con-
cepts have been developed based on fractal theories (original-
ly proposed for colloidal gels), according to which the elastic
modulus scales in a power law fashion with particle volume
fraction G’ ~~v¢", where n is related to the compactness of the
individual clusters or mass fractal dimension (D) and ~ is a
proportionality constant dependent on the size and the inter-
actions of primary particles (Narine and Marangoni 1999a, c).
For most complex fat systems (¢ > 0.1), the weak link regime
dominates, e.g., the elasticity of the network is given by the
interfloc links rather than the fractal flocs (Narine and
Marangoni 1999a, c¢). Given the complexities imposed by
the multiple physical length scales of fats, developing rigorous
relationships among interparticle forces, structure, and rheol-
ogy remains a challenging problem.

While there has been much focus on fats’ mechanical re-
sponse in the linear regime, there has been limited attention on
their nonlinear regime—that is, at large deformations (Macias-
Rodriguez and Marangoni 2016a, 2017; Macias-Rodriguez
et al. 2017). During application processes and final product
use, fats are subjected to substantial deformations well beyond
their onset of nonlinear behavior (v, = 0.03%, 7. = 50-500 Pa)
(Macias-Rodriguez and Marangoni 2016a). For instance, extru-
sion and rolling, processes akin to cold working of metals (forg-
ing), induce plastic deformation to shape bulk fat into micron-
sized thin films by imposing nonlinear rates of deformation in
the order of 1-100 s and pressures of up to 50 kPa (Marangoni
et al. 2012). In a broader context, the nonlinear behavior of a
variety of colloidal gels and soft solid food gels has been studied
in much detail using large amplitude oscillatory shear (LAOS)
rheology. Unlike step input tests (e.g., creep compliance, stress
relaxation, start-up of steady shear), oscillatory shear tests (i)
gradually lead up to yield, (ii) can decompose energy storage
and loss mechanisms, and (iii) have a better signal-to-noise ratio
for comparing between materials (since oscillations lock-in on
each frequency probed). Yielding under LAOS has been attrib-
uted to fatigue-induced fluidization in attractive carbon black
gels (Gibaud et al. 2016), breakdown from large to gradually
smaller structural length scales far above the primary particle
size in concentrated colloidal gels (Kim et al. 2014), microstruc-
tural anisotropy in thermo-reversible nanoparticle gels (Min
Kim et al. 2014), and microcrack nucleation and propagation
in soft solid gels (Faber et al. 2017).

In previous research reports, we described the nonlinear
rheological behavior of fats as related to their functionality
(Macias-Rodriguez and Marangoni 2016a, 2017; Macias-
Rodriguez et al. 2017). Analysis of the nonlinear response
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using Fourier transform (FT) rheology and Lissajous-
Bowditch curves indicated different material behavior de-
pending on the intended use of fat materials, e.g., third
harmonic spectra and Lissajous-Bowditch curves sug-
gested superior ability of roll-in shortenings to withstand
larger deformations and less intracycle strain stiffening.
Additionally, stress decomposition using Chebyshev poly-
nomials suggested that fats share similar elastic properties
but different viscous properties depending on their end
functionality. In this work, we further studied the yielding
behavior of two sets of materials: roll-in and all-purpose
shortenings, which share mechanical responses similar to
brittle and ductile solids. We determine phenomenological
rheological differences among these materials under LAOS
deformations (an idealized version of the in-use flow con-
ditions), which we correlate to their observed macroscopic
behavior and structural properties.

Experimental
Sample preparation

Bulk composition and linear elastic moduli of the samples
used in this study are described in Table 1. All samples show
weak frequency dependence with G’ > G” (see supplementary
material Fig. A7), a typical behavior typical of fats. For a
detailed description on the molecular composition and other
physico-chemical properties of the samples studied herein,
refer to Macias-Rodriguez and Marangoni (2016b). All sam-
ples had intermediate volume fraction (¢4 oc = 0.2—0.3) and
were of commercial origin as their physico-chemical proper-
ties cannot be easily replicated in a bench scale, and hence
represent “real” materials (Macias-Rodriguez and Marangoni
2016a). The only exception was sample D2 which was formu-
lated and crystallized in house as described elsewhere
(Acevedo and Marangoni 2013). It is noteworthy that brittle
and ductile rheological behavior cannot be explained by dif-
ferences in volume fraction as demonstrated in our previous
study (Macias-Rodriguez and Marangoni, 2016a, b).
Although exact material processing conditions of D1, Bl,
and B2 are unknown, it can be inferred that brittleness is
imparted via static crystallization where crystal growth is pro-
moted over nucleation, while ductility or “plasticity” is obtain-
ed from dynamic crystallization, high degree of cooling, and
mechanical working, where crystal nucleation is favored and
crystal growth is delayed (Acevedo and Marangoni 2013).
Differences in rheological behavior cannot be attributed.
Prior to rheological characterization, samples were careful-
ly prepared in the form of cylinders of 30-mm diameter using
a hollow steel cylinder and stored at 16 °C overnight to allow
for reformation of fractured bonds or local damage induced by
cutting and to remove residual stresses. Cutting was
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Table 1 Fat functionality and bulk composition for each material class, linear elastic moduli, and maximum stress at rupture or fracture at w =
3.6rads ' and v=0.01%

Sample Composition Grve (<10 Tyield

D1 Roll-in nonhydrogenated canola oil, modified palm, and palm kernel oils 2.1+02 3964.8+102.1
D2? Roll-in fully hydrogenated soybean oil, soybean oil, and glycerol monopalmitate 2.1+03 4464.4+117.9
Bl All-purpose nonhydrogenated palm oil and modified palm oil 4.7+0.8 4874.7+61.1
B2 All-purpose soybean oil interesterified 1.8+0.1 3071.9+151.6

#Sample was formulated and crystallized in-house

performed using a wire lubricated with mineral oil to mini-
mize flaw or crack formation that may act as points of stress
concentration leading to premature failure.

Rheometry

Samples were carefully transferred onto the lower plate of a
rotational rheometer (MCR 302, Anton Paar) and loaded within
a parallel plate geometry using 3 +0.5 N axial force to avoid the
formation of new microstructures and ensure reproducible re-
sults (Macias-Rodriguez and Marangoni 2016a). It has been
shown that overloading modifies the rheology, i.e., it reduces
the critical strain and critical stress and causes a right shift of the
“flow” point G'= G", and the microstructure of fat crystal net-
works (Heertje et al. 1988). After loading, samples were allowed
to relax the axial force to a constant value over a zero strain
relaxation test for at least 15 min, being equilibrated at 16 °C.
This temperature was chosen to resemble thermal conditioning
during rolling and layering of fats (Macias-Rodriguez and
Marangoni 2016a). Temperature was controlled using Peltier
units located in the lower plate and the hood of the rtheometer.
All experiments were performed with parallel plate geometries.
Compression tests were performed with parallel plates (DIA =
50 mm) lubricated with a thin layer of mineral oil to reduce
friction at the boundaries. Shear oscillatory tests were performed
with parallel plates (DIA =20 mm) modified with filter paper
(Whatman grade 5, GE Healthcare Life Sciences) attached to the
top and bottom plates to improve sample adhesion to contacting
boundaries and minimize wall slip during measurements (see
modified geometry in supplementary material Fig. Al).
Parallel plate geometries were selected despite its heterogeneous
shear rate field, as it allows for loading of preformed samples.

Small amplitude and large amplitude oscillatory shear exper-
iments (SAOS, LAOS) were performed in strain-controlled
mode on the combined motor-transducer rheometer. Tests in-
volved strain sweeps from the linear region until post-yielding
of the material (79=0.001-100%) with frequency of w =
3.6 rad s ' representative of the rolling process (w =~ 2—
7 rad s ') (Chakrabarti-Bell et al. 2010). Strains 7, and stresses
T represent bulk apparent responses (i.e. when measuring points
do not overlap at different gaps (e.g. after failure). However, the
stress at the rim of the plate can be treated as true.

LAOS analysis

Beyond the linear viscoelastic region, at large input ampli-
tudes, complex nonlinear phenomena manifest in the oscil-
latory stress response as nonsinusoidal waves with higher
order harmonic contributions. If represented via Lissajous-
Bowditch (L-B) curves, parametric plots of stress versus
strain or strain rate, nonlinearity causes deviation from an
elliptical shape of the response. Consequently, the conven-
tional interpretation of the elastic and viscous moduli in the
theory of linear viscoelasticity is no longer applicable.
Various frameworks have been developed to interpret non-
linear contributions including Fourier transform (FT) rhe-
ology, FT-Chebyshev stress decomposition, and the se-
quence of physical processes (SPP) (Cho et al. 2005;
Ewoldt et al. 2008; Hyun et al. 2011; Rogers 2012).
Despite the utility of the latter approach (recently applied
to yielding of a heterogeneous colloidal gel), we refrain
from using time-dependent dynamic moduli R" and R" as
these measures are inherently highly dimensional (Rogers
2012). Instead, we use FT-Chebyshev stress decomposition
method as it provides meaningful low-dimensional metrics
that successfully simplify the complex nonlinear rheologi-
cal phenomena of the materials fats investigated here.

In the stress decomposition framework, the total stress is
represented as a superposition of the so-called elastic 7" and
viscous stresses 7’ using symmetry arguments (Cho et al.
2005). The symmetry arguments are mathematically well
defined, so long as shear symmetry is maintained. We note
that in extreme cases, such as discontinuous constitutive
equations with yield, the decomposed stresses may mix
elastic and viscous effects at very large amplitudes)
(Rogers and Lettinga 2012). The elastic and viscous stress-
es are then unambiguously described by a set of orthogonal
Chebyshev polynomials of the first kind, as proposed by
Ewoldt et al. (2008):

!

TX) =7 X enw,v)Ta(x), (1)
n:odd
T(.V) = '.)’0 Eid Va(ws Y0) T (y), (2)
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where 7,(x) and T,(y) corresponds to nth order of the
Chebyshev basis functions, x =~y()/y and y = v (£)/7 s
with 7y and 7, being the maximum in-cycle strain and shear
rate, and e,(w, 7o) and v,(w,7) refer to the elastic and viscous
Chebyshev coefficients of order n. The Chebyshev coeffi-
cients are directly related to the higher order Fourier coeffi-
cients in the time domain as e, = G;l(—l)(n_l) /2 and
V' = G, Jw =1, respectively. Note that even harmonic
(n=even) Fourier and Chebyshev harmonic/coefficients are
neglected as they are associated with broken shear symmetry,
e.g., with responses that have not yet reached the time periodic
state. It is worth noting that even harmonics are not related to
wall slip in general (Ewoldt et al. 2010). They are commonly
mistaken as such in the literature, but the only slip-related
even harmonics are those associated with broken shear sym-
metry, such as “dynamic” wall slip that inhibits steady state
(Graham 1995). Just as the third-order Fourier harmonic, the
third-order Chebyshev basis function signals depart from lin-
earity and additionally provide physical meaning to the stress
response. It is important to emphasize that linear material
functions G’ and G” (equivalent to G, and G, ) represent
average stress responses equivalent to first-order Chebyshev
coefficients e; and v,. Instead, third and higher order
Chebyshev coefficients capture uniquely local responses in
the distorted stress signal (i.e., bent, twisted L-B curves).
Specifically, the signs of the leading order elastic and viscous
Chebyshev coefficients e; and v; reveal the underlying cause
driving average changes in the elastic and viscous intercycle
stress response. For example, for G'1 decreasing, and e; >0,
large instantaneous strain rates are responsible for the average
elastic softening. In the same way, for G| decreasing and v; <
0, large instantaneous strain rates also drive average viscous
thinning. For a full description on how to interpret the leading
order Chebyshev LAOS strain nonlinearities for yielding ma-
terials, refer to Ewoldt and Bharadwaj (2013), who updated
the physical interpretation of Ewoldt et al. (2008).

Separate from the stress decomposition framework, we will
find great value in using the local measures for yielding ma-
terials under LAOS as recently updated by Ewoldt and
Bharadwaj (2013), which can be interpreted geometrically
from L-B curves. Metrics of elastic energy storage and viscous
energy dissipation can be determined from characteristic
points during the oscillation (at extreme values of strain and
strain rate) as

’ dr /
= = Y nG,=e3e3+ ..., 3
M d7 ~=0 n:odd ! ’ ( )
G,=" = 3 G (D Z e e+, (4)
v =7, n:odd
/ d’T 1 " -1)/2
= ==Y aG (-1)"V? =30y + ..., 5
= S 3o 5)
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where G, is the minimum strain or tangent modulus at 7, = 0
and and G’L is the large strain or secant modulus at Yy = Ymax-
Likewise, 77;&4 is the minimum rate viscosity and n’L is the large
rate viscosity. These deliberately chosen material functions
reduce to G, and G| (7, = G'/w) in the linear regime.

Data collection and processing

For LAOS analysis, raw strain-stress data were collected at a
sampling rate of 512 points per oscillatory cycle. Due to the
thixotropic nature of our samples, 25 oscillatory cycles were
applied to enable material adaptation to each new deformation
(i.e., allow initial transient responses to die out) while also
avoiding over-softening of the sample due to shearing (see
supplementary material: Figs. A2—A3 to visualize the time
evolution of the first harmonic moduli and the effect of pre-
oscillations on material response and Fig. A4 for acquired raw
elastic Lissajous-Bowditch curves at selected strain values for
all samples). The application of pre-oscillations leads to have
similar qualitative behavior, i.e., they do not change the duc-
tile and brittle rheological behavior of the investigated mate-
rials (see Figs. A2—A3). It is important to note treating LAOS
nonlinearities in a steady state, where LAOS may induce cer-
tain structural change and inevitably affect the time-dependent
yielding response. This and other relevant limitations inherent
to LAOS are discussed at length by Li et al. (2009). Recently,
Moghimi et al. (2017) also demonstrated that pre-shearing at
large amplitudes tunes the yielding process of colloidal gels.
Typically, the last three to five waveforms at each coordinate
pair {w, vy} were input to a custom-written MATLAB code
(Ewoldt et al. 2009). The software processes the signal with a
discrete Fourier transform, calculates relevant measures of
nonlinear viscoelasticity, and smoothes and reconstructs the
stress signal by allowing only odd, integer harmonic compo-
nents, up to a cutoff such that 7,/7; > 0.05 to avoid noise. Filter
performance for selected deformations has been included in
supplementary material (Fig. A5). Overall, the multiple wave-
form collection and post-processing provides greater accuracy
and increased signal to noise (S/N) ratio and removes random
noise obscuring any real material response (Ewoldt et al.
2009). To further minimize the effect of shear artifacts (insta-
bilities, slip, edge fracture) on the LAOS data, we constrained
our LAOS analysis to 7y < 10% as experimental error in-
creased at larger strains and severe slip was even visually
observed at vy = 30% and beyond. Although the maximum
shear rates resulting from these analysis 7, ~1s ' are com-
paratively low to those imposed during industrial rolling con-
ditions 7, =~ 1-100 s ', they trigger nonlinear responses suf-
ficiently strong as to differentiate among the investigated
materials.
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Scanning electron microscopy

Fats were imaged before and after being subjected to oscilla-
tory shear deformations. Prior to sampling, sheared fats were
subjected to 25 oscillatory cycles (7o = 50%) and then careful-
ly removed from the rheometer plate with the parallel disk in
the zero strain position. Fat pieces (for both unsheared and
sheared samples) were then carefully removed with a spatula
at intermediate locations between the edge and the center of
the samples and then sectioned. We did so, to avoid collecting
overly fractured samples (e.g., at the edge of the parallel plates
where shear rates tend to be higher) or insufficiently deformed
samples (e.g., at the center of the parallel plates where shear
rates tend to be lower) and to minimized sample damage. To
visualize the microstructural features of the fat crystal network
is necessary to remove the liquid oil using solvents, which
have shown to retain the structural integrity of the solid crys-
talline network to great extent (Chawla et al. 1990; Heertje
1993). This was achieved by suspending thin sample pieces in
a ratio of 1:25 fat solvent. Ductile fats (D1 and D2) were
suspended in a 8:2 (v/v) isobutyl alcohol-hexane mixture to
enhance removal of the more-confined oil phase, while brittle
fats (B1 and B2) were suspended uniquely in isobutyl alcohol
(Chawla et al. 1990). Shortenings were statically deoiled at
20 °C (roll-in fat) and 14 °C (brittle fats) for 48 h, filtered
(Whatman No. 5) to remove solvent and liquid oil, and finally
allowed to stand on filter paper overnight to vaporize any
remaining solvent. Minor structural changes include smooth-
ing of the edges of crystal aggregates due to partial dissolving
of triacylglycerols in the solvent during deoiling (Heertje
1993). Cryo-SEM was used to image the microstructure of
the samples. The samples were then attached to the copper
sample holder using the Tissue-Tek embedding medium.
The sample holder was immersed in a liquid nitrogen slush
(=207 °C) using an Emitech K1250x Cryo-preparation unit
(Ashford Kent, UK), freeze-fractured to expose internal
planes of the microstructure, and sputter-coated for 2 min with
gold using a 20 mA deposition current, 7 nm min ' deposition
rate. The sample holder was transferred to the SEM stage
(Hitachi S-570, Tokyo, Japan) with accelerating voltage of
the electron beam of 10 kV. Images were captured digitally
using the Quartz PCI imaging package (Quartz Imaging
Corp., Vancouver, Canada).

Ultra-small angle X-ray scattering

Data collection and data analysis

Samples were prepared in the form of fat disks with approx-
imate dimensions of 20 mm x 1 mm (diameter % thickness)

and were not subjected to oscillatory shear. Samples were then
mounted into Grace Bio-Labs (OR, USA) circular silicon

isolators, and the isolator sides were sealed with microscope
covers to contain the sample.

The 1D collimated mode (Long et al. 1991) using the
Bonse Hart Instrument (Ilavsky and Jemian 2009; Ilavsky
et al. 2012) at Argonne Photon Source (APS, Argonne
National Laboratory) sector 9 was used for the X-ray scatter-
ing experiments. This instrument makes use of two sets of
crystals pairs: the collimating set and the analyzer set. The
USAXS geometry utilizes multiple crystal reflections to pro-
vide ultra-high resolution only in the vertical direction. By
rotating the analyzer crystal pair using small steps, the
scattered intensity at various angles can be measured with an
extremely high angular precision or resolution. A complete
operational description of the instrument can be found else-
where (Ilavsky et al. 2013). Data collected was numerically
desmeared to recover the differential scattering cross section
(Lake 1967). Instrument control and data acquisition were
performed using the Spec software for diffraction experi-
ments. Each data point is one measurement for either 0.5, 1,
or 2 s, as one goes from lower to higher g (A™Y). Indra and
IgorPro-based software were used for data reduction, removal
of multiple scattering, and to determine the absolute intensity.
The Irena (Ilavsky and Jemian 2009) IgorPro-based software
was used for data interpretation using the unified fit (Beaucage
1995, 1996) and the Guinier-Porod model (Hammouda 2010).
Both models, implemented in the lrena software, employ a
nonlinear regression analysis to find the best-fitting parame-
ters. Two repetitions for each sample were analyzed, and the
average of the fitting parameters given by unified fit and
Guinier-Porod models was reported.

USAXS data analysis

During USAXS, the scattering intensity is measured as a func-
tion of the scattering vector g, defined as ¢ = 4T sin (%) where
0 is the scattering angle and A the wavelength of the incident
X-ray. An estimation of the length scale (L) of the material
probed can be obtained from the relation L =27/q. It is rele-
vant to note that the Bonse-Hart system permits the collection
of a sufficient number of data points in only a few minutes to
cover the range ~100 nm <L < 10-30 um. The scattering
patterns were analyzed to find /(q) vs. ¢ regions that either
follow Guinier scattering or Porod-power law scattering.

Equation 5 shows the unified fit model expression
(Beaucage 1995, 1996).

1(q) = Ge’(qué> +q'i,, e(i) [erf (_ngi)} . (7)

61 /2
where P is the Porod exponent that yields information on the
structure of the aggregate and Rg is the radius of gyration. The

2R2.
1 Rgi1 ) shows that the unified fit model

exponential term ¢ (-

represents all scattering objects as approximately spheres,
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where i represents the structural level under study, while i — 1
indicates the previous level. The first term in Eq. 7 describes
the Guinier region, valid for ¢ <g1, and the second term, the
Porod power law valid for ¢ > q1. The requirement is that the
Guinier and Porod terms, together with their derivatives, must
be continuous at g1. G and B are the Guinier and Porod scale
factors, respectively, with G related to the volume of the scat-
terers and B containing specific scattered surface area
information.

We focus on the R, and P parameters that come out of
fitting the data to the unified fit model. The systems were
discovered to be fractal in nature as observed by a straight line
in the ¢ region observed in two or three sections. It is note-
worthy that the radius of gyration R,; in the third region was
held constant to fit the power law slope P; and hence was not
used to draw conclusions pertaining the size of the scatterers.

When a fractal interpretation is given to the data, the P
value gives information about the fractal dimension of the
scatterers. A value of |P| =4 indicates a scatterer or particle
with a smooth surface and a fractal dimension Dy=2. If
3<|P| <4 then 6—|P| is the surface fractal dimension (2 <
Ds<3). When 1<|P| <3, then the value of |P| is the fractal
dimension, D = |P|. But if |P| > 4, all that is known is that there
is diffuse interface (Beaucage 1995, 1996).

The other model used for interpretation of the scattering
data was Guinier-Porod. This model, a variation of Eq. 7
(Hammouda 2010), considers that the primary particles can
have shapes other than spherical, indicated by the terms in-
volving s, and s, in Eq. (8). The value of the parameter s
indicates platelets when s =2, cylinders or rods when s=1,
and spheres when s = 0. Similar to the unified fit model, pa-
rameters like the radii of gyration and the power law expo-
nents are obtained. The difference is that this model defines a
structural level in a wider g region, in that each structural level
can have multiple radii of gyration and power law slopes—as
long as the scattering comes from one population of primary
particles. The fitting functions are

q9=9q;
Ay
G (+=2) ®)
1 -
1(Q)=q716 ) g<q<q,
B
l(q)=q7 q>q,

where the limits g, and ¢, are chosen manually by the
experimentalist.

Results and discussion

Figure 1 depicts macrographs of two fat samples lending ev-
idence of ductile D1 and brittle B1 material deformation
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during the application of axial normal force. Similar behaviors
were observed for ductile D2 and brittle B2 (see supplemen-
tary material Fig. A8). Views from below (Fig. 1a) demon-
strated that the surface of D1 remained mostly crack free with-
in the middle of the parallel plate (DIA =20 mm), unlike B1
where the formation of a number of large cracks was evident
throughout the samples. Views from the side (Fig. 1b) and
stress-strain curves (Fig. 2) also revealed that D1 specimens
underwent larger plastic deformation, when compressed up to
.=0.15, whereas B1 test pieces could not sustain the applied
compressive strain, showing a nonmonotonic behavior in the
strain-stress curve (local maximum), and cracked more read-
ily, displaying a cleavage line. The hysteresis in the stress-
strain curves (Fig. 2) suggests that D1 absorbed more energy
due to extensive plastic flow compared to B1, which are hall-
marks of ductile and brittle solids, respectively. These
observations are in agreement with van den Tempel (1958)
who suggested that in hard brittle fats, shear trigger cracks
which are not visible in liquid-like soft fats, but nevertheless
did not provide experimental visual evidence of such cracks.
In the following sections, we provide further evidence for
drawing a parallel between the failure of fats under shear
and the fracture of ductile and brittle solids.

Effect of sample thickness on rheological material
functions

During shear rheology, it is assumed that materials deform
homogeneously throughout the gap and remain in continuous
contact with the plate periphery (Ewoldt et al. 2015).
However, nonuniform flow phenomena such as wall slip and
shear banding are particularly prevalent in pasty materials,
particularly when using parallel plate configurations for rheo-
logical characterization (Ewoldt et al. 2015). To ensure that
the measured material functions reflect the true behavior of the
investigated materials, the effect of sample thickness Th (and
thus gap height) on the average or first harmonic viscoelastic
moduli G, and G, was determined. The viscoelastic moduli

G/1 and GI are the most commonly used descriptors to quan-
tify SAOS and LAOS responses, and they refer to the same
generic notation G and G as output by the rheometer.
Figure 3a—c illustrates stress perspectives of strain-sweep tests
with their respective plots of strain (7o) versus the stress of the
first harmonic (77) which contrast between the behavior of
ductile-like and brittle-like fat materials. For D1, G, and G,

nearly overlap for Th=1.3, 1.5 mm, while for B1, G’l and GI
superimpose for all sample thickness except at Th=2 mm
(Fig. 3a, b). The lack of overlap at different thickness is an
indication of slip, internal fracture planes, or other nonideal
kinematics that deviate from homogeneous simple shear. It is
observed for D1 that as sample thickness increases, the peak
stress and its associated strain decrease dramatically caused
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Fig. 1 Macroscopic evidence of

ductile (D1) versus brittle (B1)
deformation of representative fats
during compression. a Views
from below a transparent bottom

plate for specimens with

diameter = 20 mm and thickness
Th=2 mm. b Side views for
specimens with thickness Th =
10 mm. A ductile fat (D1)
plastically deforms, whereas a

brittle fat (B1) fails showing
cracks and a cleavage line at Ah/
ho=—10.10. At higher
deformations, ductile (D1) also
shows cracks that onset at the
periphery of the test piece
triggered by shear stresses

possibly due to interplay between slip and shear banding
(Thomas 1961) preceding failure (Fig. 3c). In contrast, it is
observed for B1 that at #=2000 wm, the peak strain (but not
the magnitude of the stress) shifted to lower strain amplitudes
arguably due to wall slip. These trends, albeit not rare to the
rheometry of pastes, resonate with the behavior of brittle
solids and ductile solids in which slip and shear strain locali-
zation are recurrent (Thomas 1967). Nevertheless, we caution
the reader that identifying the true cause of this behavior is not
trivial as other factors such as structural changes or additional
flow instabilities might also be at play (Divoux et al. 2015).

Linear to nonlinear viscoelasticity

Based on the aforementioned experiments, we used a thick-
ness = 1.3 mm for further rheological experiments as the

o, [Pa]

O00oo g g

(=)
G&bohzoo 09

1 1
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Fig. 2 Compressive engineering stress (o, = F/Aq) as a function of

compressive engineering strain (€, = Ah/hy) for a representative ductile
(D1) and brittle (B1) fat. The dimensions of the specimens were 20 mm x
10 mm (DIA x height). A thin layer of mineral oil was applied to the
parallel plate geometries to diminish Frictional force at the edges

impact of shear instabilities was less prominent. At Th=
1.3 mm, it was observed that the linear viscoelastic moduli

G/1 and G; and the yield stress 7yj1q, determined as the max-
imum stress (which is mainly elastic), remained unremark-
able, e.g., D1 and D2 have storage moduli nearly two times
smaller than B1 but similar to B2, and yield stress smaller
than B1 by ~ 400-800 Pa and larger than B2 by ~ 1000 Pa
(Table 1). This is agreement with our previous study in which
we found that triglyceride shortenings may share similar lin-
ear elastic moduli and yield stress irrespective of their bulk
functionality (Macias-Rodriguez and Marangoni 2016a).
Pertaining to the nonlinear LAOS behavior, G, and G, de-
creased indicating that elastic softening and viscous thinning
of the crystal network (e.g., disturbance of network interac-
tions) dominate the average stress response. Moreover, when
plotted as a function of input strain amplitude (see supple-
mentary material Fig. A7), Gll also decreased continuously
but G'{ rose initially at vy =~ 0.09%, reached a local maximum
at v = 0.57%, and then dropped monotonically, crossing-
over Gl at yo = 1-2%. The GI maxima is typical of type III
materials which exhibit a weak strain overshoot or “Payne
effect” as termed in filled elastomers (Hyun et al. 2002). In
fat crystal networks, the underlying reasons of G; maxima
and crossover of G, =G, are unknown. Previous studies
have associated G, weak overshoot to the onset of disruption
of intercluster bonds, material fluidization, expulsion, and
drainage of interstitial fluid within microstructure due to fail-
ure or compression of the gel network in other colloidal gels
at moderate and high volume fractions (Laurati et al. 2011;
Kim et al. 2014).

@ Springer
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Fig. 3 a, b First harmonic viscoelastic moduli as a function of stress
response for a ductile fat D1 and b brittle fat B1. ¢ First harmonic stress
amplitude 7, as a function of apparent strain amplitude ~y, for both fats.
Data was obtained from strain amplitude sweeps 7o =0.001-100%, w =
3.6rads ! for increasing sample thickness Th = 1.3—2 mm to detect shear
instabilities. The strain range 79 =0.001-10% in ¢ was chosen to
emphasize differences in mechanical behavior; prominent slip was
observed above o= 10%. All data shown in subsequent figures fall
within this range

At first glance from Fig. 3, the behavior of G, and G,
beyond the linear region appeared comparable across the dif-
ferent material classes. Upon closer inspection, it can be noted

that G, and G, for D1 and B1 showed strikingly different
failure patterns. As can be seen, D1 G/l and G, displayed a

@ Springer

steady decrease starting at 7y = 1000 Pa. In contrast, Bl G/1
and G'{ showed an initial gradual decrease starting at
71 =~ 1500 Pa followed by an abrupt drop and backward bend-
ing at 7; = 4000 Pa, evoking sudden failure as the strain am-
plitude increases. These markedly different responses can be
also visualized in the stress amplitude versus strain amplitude
plots (Fig. 3a, 3b, Th=1300 pm). Both samples remained in
the elastic regime up to small critical strains vy =~ 0.05%,
which is typical for materials such as fat crystal networks
interacting via short-range interparticle forces (van den
Tempel 1961). It also appeared that D1 displayed more plastic
deformation than B1. Both samples reached peak maxima of
71 = 4000 Pa and 7; = 4900 for D1 and B1, respectively.
Beyond the peak maxima, the stress in D1 roughly plateaus
as compared to B1 in which the stress suddenly drops (similar
to the compression test in Fig. 2). Similar findings are reported
for D2 and B2 (see supplementary material Fig. AS8). These
mechanical signatures are similar to those observed for ductile
and brittle solids. While ductile solids exhibit significant plas-
tic straining upon failure, brittle solids exhibit little, if any,
inelastic deformation prior to catastrophic fracture (Thomas
1961). By analogy with solid materials, we thus propose that
D1 and D2 act as ductile viscoelastic solids, manifested by
larger plastic strains (visualized as the decrease of the local
slope in the stress deformation curve) and a plateau effect,
while B1 and B2 resemble brittle viscoelastic solids, evidenced
by larger elastic straining and peak stress that dramatically
decreases post-failure. These behaviors are in good agreement
with our previous study (Macias-Rodriguez and Marangoni
2016a, b), in which the evolution of the third-order leading
Fourier harmonic displayed similar qualitative behavior and
are consistent with Fig. 2, suggesting that yielding of fat crystal
networks under compression and oscillatory shear are the con-
sequence of a similar underlying phenomenon.

To provide a physical picture of the mechanisms involved
in yielding of ductile (D1, D2) and brittle (B1, B2) fats, we
analyzed the LAOS stress signals using Lissajous-Bowditch
curves, Chebyshev decomposition, and the local nonlinear
elastic and viscous metrics proposed by Ewoldt et al. (2008).
LAOS analysis was performed at a fixed frequency of w =
3.6 rad s ' and strain range of 7o =0.01-10% to map defor-
mation rates relevant to the industrial rolling process and
probe sufficiently large deformations, nearly three orders of
magnitude larger than linear deformations (Chakrabarti-Bell
et al. 2010; Macias-Rodriguez and Marangoni 2016a). For
illustrative purposes, third harmonic elastic and viscous
Chebyshev coefficients are shown in Fig. 4 to denote depar-
ture from linearity. Elastic and viscous L-B curves for each
material class (D1 and B1) are shown in Figs. 5 and 6.
Lissajous-Bowditch curves for the remaining samples and
3D Lissajous-Bowditch curves for two representative samples
are included in the supplementary material (Figs. A8—A11).
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Fig. 4 Scaled third-order elastic es/e; and viscous v3/v; Chebyshev
coefficients as a function of strain input o at w = 3.6 rad s ™' for ductile
D1 and brittle B1 fats

Corresponding elastic and viscous rheological fingerprints for
all samples are presented in Figs. 7 and 8.

Chebyshev coefficients and Lissajous-Bowditch
curves

Higher order Chebyshev coefficients indicate departure from
the linear regime and augment the physical interpretation pro-
vided by G, and G in the LAOS regime. Leading order
Chebyshev coefficients es/e; and wvs/v; capture changes in
the local elastic and local viscous stresses of the decomposed
signal which manifest as the convexity (bending or twisting)
in Lissajous-Bowditch curves (see Figs. 5 and 6). Most im-
portantly, the signs of these third harmonics indicate the driv-
ing cause of the deviation from linearity in G/l and GI (i.e.,
whether they are caused primarily by large strains or large
strain rates) (Ewoldt and Bharadwaj 2013).

Within the linear regime vy, < 0.03%, es/e; and vs/v; did
not contribute greatly to the stress response as expected. At
Yo = 0.05%, es/e; remained marginal, whereas vs/v; began to

rise signaling the onset of nonlinearities and indicating that
viscous shear thickening of G, was driven by large strain
rates (a viscoelastic fluid type of response), since vs/vy > 0.
At larger strain amplitudes, v3/v; changes signs. In this re-
gime, there is also a change from thickening to thinning of
GI (see Fig. A7). Based on the sign of v;/vy, large rates also
seem to drive this nonlinearity. One must be cautious of the
sign interpretation beyond the leader order deviation. It requires
the third harmonic to determine the curvature of the viscous
stress, which is generally but not always the case for the L-B
curves in Figs. 5 and 6. For the elastic measures, there is a
decrease in Gl1 (see Fig. A4), and es/e; is initially positive, indi-
cating that elastic softening was driven also by large instanta-
neous strain rates. Overall, similar behavior was observed for
brittle and ductile fats; however, it appeared that B1 exhibits
stronger nonlinearities represented by higher and lower magni-
tudes of elastic and viscous Chebyshev coefficients, respectively.

Lissajous-Bowditch curves were used to gain qualitative
insight into the nonlinear viscoelasticity of ductile and brittle
fats. Lissajous-Bowditch figures are parametric plots of strain
versus stress (elastic perspective) or strain rate versus stress
(viscous perspective) which appear elliptical in the linear re-
gion, and acquire complex shapes in the nonlinear region, due
to the presence of higher harmonic components. Elastic and
viscous L-B curves are depicted in Figs. 5 and 6 for ductile
(D1) and brittle (B1), respectively. For both material classes,
linear viscoelasticity dominated the stress response at strain
amplitudes v < 0.05% (not shown), supported by tight ellip-
tical L-B shapes. At strains vy > 0.09%, L-B began distort
because of periodic variations in the stress response, especial-
ly visible at local minima and maxima, with a visibly notice-
able onset of nonlinear viscoelasticity in accordance with the
trends observed for v3/v; and es/e;. Aty >0.57%, D1 and Bl
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displayed qualitatively similar features, including stress up-
turns or “twists” in the elastic Lissajous-Bowditch curves at
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Fig.7 aNormalized difference between local elastic measures: minimum
strain (G;/) and large strain modulus (G;') as a function of strain input
at w =3.6 rad s~' for ductile (D1, D2) and brittle fats (B1, B2). b
Lissajous-Bowditch curve (elastic perspective) showing strain -y, versus
stress 7 for a selected data point v, =1.47%, displaying graphical
representation of local (instantaneous) and global (average) LAOS
elastic measures
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the largest instantaneous strain -y, for each oscillatory cycle,
indicating lower elastic energy storage at minimum strain Yy,
(which is the location of largest strain rate), compared to clas-
ticity at maximum strain within a cycle. This was concurrent
with the appearance of “bends” in the viscous curves also at
Ymax 1ndicating pseudoplasticity or shear-thinning behavior,
which was least prominent in D1. Eventually, the nonlinear
response is strongly nonlinear at vy > 6%, as to induce self-
intersections and secondary loops in the viscous Lissajous-
Bowditch curves at v, which are more apparent in B1.
The appearance of secondary loops have been physically re-
lated to strong unloading of instantaneous elastic stresses
(which occurs faster than accumulation of new elastic defor-
mations) and competition between network destruction and
formation at high shear rates (Ewoldt and McKinley 2010;
Jacob et al. 2014). Quantitatively speaking, this translates to
negative values on the instantaneous elasticity G;w or values
alternating from positive to negative if multiple loops are pres-
ent. Qualitatively speaking, self-intersections correspond to
strong overshoots (o > 2.34%) during yielding which are
particularly more pronounced in B1 (Fig. 3c). Within a
LAOS cycle, e.g., elastic L-B curve at vy = 6% (Fig. 6), this
peak in stress demarks two regions: a nearly linear region
preceding the overshoot that extends roughly from the lower
reversal point to the stress overshoot (Fig. 6) and a “flow”
region following the overshoot. This linear stress region has
been associated with cage or residual elasticities by other re-
searchers (Rogers et al. 2011; van der Vaart et al. 2013; Kim
et al. 2014). In the flow region, as shear rate increases (or
strain decreases), the stress decreases reaching a minimum.
Subsequently, as the strain increases (or shear rate decreases),
the stress increases again indicating thixotropy or network
restructuring as previously observed (Macias-Rodriguez and
Marangoni 2016a). This progresses until the end of the half-
cycle (Ymax and Y, ), and then, the sequence is repeated
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during flow reversal. Moreover, larger areas are enclosed by
the elastic Lissajous-Bowditch curves at sufficiently high
strains (9 > 6%), indicative of plastic deformation which is

<« Fig. 8 Dynamic viscosities as a function of strain input 7o at w =
3.6 rad s 'for ductile (D1, D2) and brittle (B1, B2) fats. a Minimum
strain rate 7" b Large strain rate 7),". ¢ Average strain rate viscosities
1" Insets show viscosity metrics normalized by 7y’ at v9=0.01%. d
Lissajous-Bowditch curve (viscous perspective) showing normalized
shear rate /7y, versus stress 7 normalized by 7y at o= 0.01%, for a
selected data point yo=1.47% (7, =0.05 s "), displaying graphical
representation of local (instantaneous) and global (average) LAOS
viscosity measures

more evident in D1. Similar intracycle LAOS responses were
recently reported by Ramamirtham et al. (2017) in tribehenin
dispersed in isopropyl myristate and other yielding colloidal
systems (Kim et al. 2014). Ramamirtham et al. (2017) attribut-
ed such nonlinearities to the shape of the crystal aggregates:
bundles of needle aggregates displayed greater viscous-like be-
havior and complete fluidization, while spherical aggregates
showed greater plastic-like behavior. Such behavior is some-
what similar to the brittle-like behavior and ductile-like behavior
reported here, respectively, though we did not observe full ma-
terial flow as we employed relatively small strain amplitudes
(due to the shear instabilities observed here) compared to
Ramamirtham et al. (2017) (up to vy =1000%). Kim et al.
(2014) measured the time-dependent moduli R"and R" in dense
heterogeneous colloidal gels, and identified a series of nonlinear
events which included elastic straining, elastoplastic softening,
and viscoplastic behavior (all in the nearly linear region),
followed by yielding and flow. After shear flow reversal, only
flow and restructuring occurred. In our study, secondary peaks
or oscillations were observed which follow the primary yielding
peak. Although, these peaks manifested in a variety of colloidal
systems (i.e., soft star-like micelles, nanoemulsion gels), in our
case, these features seem to be artifacts resulting mainly from
data processing (e.g., see Fig. A5 where consideration of higher
order harmonics led to better waveform reconstruction).

Nonlinear viscoelastic metrics

As alluded to earlier, typical mechanical characteristics of
ductile solids include greater ability to retain strength during
yielding in concert with larger viscous dissipation and plastic
deformation than brittle solids. To capture these behaviors, we
adopt local (or instantaneous) nonlinear descriptors as pro-
posed by Ewoldt et al. (2008), a selection of which are
displayed in Figs. 7 and 8, along with their corresponding
graphical representation. To ease comparisons between ductile
and brittle fats, measures were also normalized to their linear
properties (77/LVE ) when applicable. These local measures
complement average measures as shown in Fig. A7 (see sup-
plementary material), which denote global elastic strain soft-
ening and global viscous thickening and thinning, both driven
by large strain rates as previously elucidated. As described
earlier, after failure (79 = 2%) the strain-stress response is
apparent. However, the total energy dissipated and energy
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stored are true, as measured with loads and displacements at
the boundary, which allows for meaningful comparison of
material functions between ductile and brittle fats. Nonlinear
elastic properties are presented as relative differences between
the large strain or secant modulus G, and the minimum strain
or tangent modulus G;w, which indicate more elasticity at the

turnaround point G, than during flow G, This leads to stress
upturns within a cycle (or local strain stiffening as referred in
the literature), as observed in the elastic L-B curves. It is
shown that the general qualitative elastic behavior of ductile
and brittle fats was similar, except for B2, which plateaued
earlier and then decreased given its much lower yield stress 7,.
It is noteworthy to mention that the magnitudes of G, andG,
give an underestimation of intracycle elasticity as they suffer
from plastic strain accumulation since they are calculated
post-yielding (Dimitriou et al. 2013). Nevertheless, based on
the qualitative insight gained from L-B curves and the fact that
fats do not display marked high elasticity, we conclude that
elastic properties do not dominate the nonlinear response. By
contrast, viscous measures showed striking differences, e.g.,
dynamic viscosities at instantaneous minimum strain rates 7,

and large strain rates n/L denoted less apparent thinning for
ductile D1 and D2 compared to brittle B1 and B2 fats. For
instance, in nearly two decades of deformation (v =0.01—
0.92%), 0y, /Myye and 1, /1, decreased 41-53 and < 5-
8% for D1 and D2, compared to 85-93 and 54-62% for B1
and B2. In agreement with the viscous Chebyshev coefficients
vs/vy, it is observed that the average dissipated energy 77/1 is
driven mainly by intracycle viscous dissipation occurring at
large instantaneous strain rates n'L. The increased energy dis-
sipation of D1 and D2 compared to B1 and B2 resonates with
the ductile-like behavior and brittle-like behavior of the sam-
ples, respectively, in analogy with solid materials. Here, using
LAOS stress decomposition, we can isolate that nonlinear
viscous effects change, but nonlinear elastic effects do not,
across these material classes. It has been suggested that during
deformation, a ductile solid converts the vast majority of the
released strain energy into other types of energy, mainly dis-
sipative, associated with plastic flow, whereas a brittle solid
expends a large amount of energy for crack growth or forma-
tion of new surfaces (Irwin 1948; Orowan 1949).

Structural characterization

As earlier mentioned, fat crystal networks feature structural
hierarchies from molecular to microscopic dimensions.
These multiple length scales determine the rheological behav-
ior of these materials (Marangoni et al. 2012). In this paper, we
investigated “quiescent” structural length scales (L) ranging
from ~ 20 nm to 6 um using USAXS and SEM techniques, as
we had described the molecular length scale of the samples in

@ Springer

a previous study (Macias-Rodriguez and Marangoni 2016b).
Figure 9 shows absolute intensity /(g) as a function of scatter-
ing vector ¢ obtained from USAXS experiments. In general,
the USAXS patterns yield “hints” about the investigated struc-
tures: the linear (power law) and Porod regions of the log-log
plots convey information about the distribution of different
length scales (i.e., each line represents a structural level
conforming to a fractal character) and average sizes of the
scatterers, respectively (Peyronel et al. 2014a). As shown in
Fig. 9, ductile fats D1 and D2 exhibit three-hierarchy struc-
tures, whereas brittle fats B1 and B2 display two-hierarchy
structures (Peyronel et al. 2014a). To characterize these data,
we relied on the unified fit model and Guinier-Porod model
(Beaucage 1995, 1996; Hammouda 2010), with their best-
fitting parameters shown in Table 2, and previous USAXS
experiments and computer simulations performed in complex
fat systems at intermediate volume fraction (Quinn et al. 2014,
Peyronel et al. 2014b; Pink et al. 2015). These parameters and
their interpretations collectively describe the aggregation
mechanisms driving the formation of the crystal network, size,
geometry, and structural features of the fundamental scatterers
(crystal nanoplatelets (CNPs)) and crystal aggregates. Using
the unified fit model, up to three structural levels or hierarchies
were successfully fitted: level 1 and level 3, corresponding to
high and low ¢ ranges and level 2 referring to intermediate g
values. The slope P; indicated that the first structural level was
made up by CNPs with smooth (P = 4) interfaces in ductile
fats and rough interfaces (P <4) in brittle fats. Estimation of
“particle” sizes given by the radius of gyration R, indicated
that the primary scatterers of ductile fats were up to 11 times as
small as those of brittle fats. The slope P, suggested that
crystal platelets in ductile fats self-assembled into intermediate
hierarchies obeying an interplay between solid condensation
and solid diffusion (P,>2.1) or DLCA mechanisms
(P, = 1.8), as explained by previous models and computer
simulations (Peyronel et al. 2014b; Pink et al. 2015). The
crystal clusters had average sizes Ry, =490.2-358.0 nm. The
slope P5 (P3>4) suggested that in most of the cases, crystalx
clusters aggregated having diffuse interfaces (Beaucage
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Fig. 9 Absolute scattering intensity /() as a function of the scattering

vector ¢. Slope values included in the plot serve as guides for the actual
values obtained by the unified fit model and summarized in Table 2
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Table 2 Selected parameters obtained from unified fit and Guinier-Porod models and length scales probed in each structure level of the unified fit
model. Standard error means for P and S parameters were equal or below 0.1

Sample Py Rz (nm) L, (nm) Py Ry (nm) L, (nm) P; L3 (um) S

D1 3.8 53.3+2.4 21-157 23 490.2 +24.7 157-1571 3.7 0.6-6.3 1.7
D2 4.0 35.8+0.7 13-78 1.7 358.9+10.7 78-698 4.2 0.1-6.3 1.5
Bl 35 399.8+6.6 21-785 - - - 4.7 1.3-63 2.0
B2 35 167.4+0.0 21-628 - - - 4.1 1-6.3 2.0

1996). Results from the Guinier-Porod model provided insight ~ with shapes intermediate between rods and platelets (1 <S'<
on the geometry of the scatterers resulting from CNP aggre-  2) (Hammouda 2010). To further visualize the microlength
gation. It is suggested that either CNPs assembled at the  scales, SEM experiments were performed on nonsheared sam-
mesoscopic scale into “supra-platelets” (S=2) or structures  ples and samples after applying substantial nonlinear

Fig. 10 Cryo-scanning electron
images of ductile (D1, D2) and
brittle (B1, B2) fats.aD1. b D2. ¢
BI1. d B2. e D1 after deformation
Yo =50%. f B1 after deformation
Yo =50%. All images share the
same magnification bar =30 pm
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oscillatory shear deformations (7= 50%). Overall, micro-
structural features shared similarities depending on whether
the fat crystal network was ductile or brittle in nature.
Figure 10 illustrates SEM micrographs obtained for the pre-
sented examples of ductile (D1, D2) and brittle (B1, B2) ma-
terials (refer to supplementary material Fig. A12 for similar
micrographs at lower and higher magnifications). In general,
the microstructure of D1 (Fig. 9a, b) appeared more homoge-
neous, composed of well-defined platelet-like crystal aggre-
gates with variable size (~ 2—-10 wm length) interconnected
into elongated layers, roughly parallel to each other, leaving
interstitial channels in between, where the liquid oil might
have been confined. It is speculated that the three-hierarchy
level structure observed in USAXS enables the creation of
such ordered long-layered structures at the micron length scale
observed in ductile fats (D1 and D2). By contrast, brittle fats,
B1 and B2 (Fig. 9c¢, d), comprised heterogeneous networks
made of distorted or “flaky” sheet-like crystal aggregates of
comparable size and microholes or voids (~ 16 wm diameter)
where presumably most of the liquid oil is entrained. The
present microstructures are consistent with their processing
regimes as substantial cooling and shearing typically result
in an uniform, oriented microstructural network such those
observed in D1 and D2 but not in B1 and B2 (Maleky et al.
2011). Upon substantial nonlinear deformations, it seemed
that shear broke the continuity of the layered microstructure
of D1 (Fig. 9e), and caused the nearly parallel array of crys-
tallites to “squeeze” and induced their aggregation into twist-
ing “fiber-like” aggregates with average lengths of ~ 12 um.
These twisted aggregates lend qualitative evidence of ductile
deformation. Lin-Gibson et al. (2004) suggested a somewhat
analogous response for networks made up of softer elastic
domains (nanotubes) suspended in a less viscous fluid which
showed flow-induced clustering and vorticity-aligned elonga-
tion. In contrast, the aggregates making up the crystal network
of B1 (Fig. 9f) fragmented, leading to a more random micro-
structure with element lengths of ~ 7 um. Kloek et al. (2005)
estimated in fat dispersions of fully hydrogenated palm oil in
sunflower oil defect sizes from which cracks nucleate (such as
in brittle fats during compression, see Fig. 1) in the order of
10 wm which corresponds to the length scale of the crystal
aggregates observed by SEM in our study.

Linking rheology and structure and considering that the
primary mechanical difference is with the viscous nonlinear-
ities (rather than elastic nonlinearities, as revealed by LAOS),
our interpretation is that elastic energies are stored within the
hierarchical network in similar ways, but dissipation across
the structural levels and crystallite layers is the key difference.

It can be speculated that in ductile fats, shear loads are
better dissipated among the three-hierarchy structures unlike
brittle fats where energy is exchanged only between two hier-
archy levels. It can also be hypothesized that the microstruc-
ture provides mechanisms of alleviating or constraining local
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stresses either by allowing controlled sliding motion of the
elongated crystallite layers with the liquid phase acting like a
lubricant in ductile fats or restricting motion of the “disor-
dered” crystal aggregates in brittle fats. Overall, this provides
a tentative explanation for the observed LAOS behavior and
the formation of macroscopic cracks in brittle fats. Such a
picture, it is not unreasonable as it has been demonstrated
(via computer simulations) at a fundamental level that material
toughness (“ductility”) and defect tolerance may vastly in-
crease solely by introducing as little as one “extra” hierarchi-
cal structure in biological-like materials with similar constitu-
ents and volume fraction (Sen and Buehler 2011).
Additionally, enhanced plasticity and toughening mechanisms
in biological materials originates not only from the presence of
multiple length scales but also from the incorporation of struc-
tural means, namely mineral-platelet sliding in seashells, for
relieving locally high stresses (Ritchie 2011).

Conclusions

In previous studies, linear viscoelasticity has been the com-
mon explored territory in relating mechanical behavior to
macroscopic performance and sensory attributes of fats.
However, linking nonlinear viscoelasticity to macroscopic
performance may be equally or far more relevant as most
processing conditions and application uses of fats typically
impose substantial nonlinear deformations. It is possible that
fats with comparable linear viscoelastic properties diverge on
their nonlinear behavior as supported by our results. Using the
LAOS strain protocol, it was possible to quantitatively dis-
criminate between ductile (roll-in) and brittle (all-purpose)
fats. LAOS allows for decoupling energy storage and loss
mechanisms in nonlinear rheology. A limitation of investigat-
ing the LAOS response of materials displaying time-
dependent nonlinearities is that they might experience struc-
tural changes during measurement and hence affect the yield-
ing response. A possible solution for this is to investigate the
material at frequency and strain amplitude so that the system
does not evolve over time. Given the long relaxation time-
scales of fats, this was not possible. Using the present proto-
col, there were no important differences in the moduli of elas-
ticity. Instead, the primary difference was the moduli of vis-
cous dissipation; ductile fats were substantially more dissipa-
tive than brittle fats, in accordance with higher resistance to
flow and plastic deformation for the ductile systems. These
findings are in good agreement with the macroscopic behavior
of the systems and their mechanical behavior under compres-
sive stress. Structural investigations indicated that ductile fats
featured an additional hierarchy level, and crystal aggregates
ordered in elongated crystal layers unlike brittle fats that
showcased only two hierarchy structures and more “disor-
dered” crystal network. It is suggested that the hierarchy levels
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and spatial distribution of the microstructure play a pivotal
role on high energy dissipation (rather than energy storage)
and hence superior load-bearing ability of ductile fats to en-
dure mechanically demanding processes such as “cold-work-
ing.” These results call for further exploration of the relation-
ship between rheology and structure under LAOS shear flow
using space- and time-resolved techniques, and computer sim-
ulations to gain mechanistic insight of the yielding behavior of
these soft materials.
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